Abstract. Nanoparticles are efficient matrices in laser desorption/ionization (LDI) mass spectrometry (MS), especially for the profiling or imaging of small molecules. Recently, solvent-free physical vapor desorption (PVD), or sputter coating, was adopted as a homogenous method to rapidly apply metal nanoparticles (NPs) in situ to samples prior to LDI MS or MS imaging analysis. However, there has been no systematic study comparing different metal targets for the analysis of a variety of small molecule metabolites. Here, we present a screening and optimization of various sputter-coated metals, including Ag, Au, Cu, Pt, Ni, and Ti, for LDI analysis of small molecules in both positive and negative ion modes. Optimized sputter coating is then applied to high-spatial resolution LDI mass spectrometry imaging (MSI) of maize root and seed cross-sections. Noble metals, Ag, Au, and Pt, are found to be much more efficient than transition metals and organic matrices for most small metabolites. Sputter-coated metals are efficient for neutral lipids, such as triacylglycerols and diacylglycerols, but are very inefficient for most phospholipids.
Introduction
V arious types of nanoparticles (NPs), especially carbonbased NPs and metal oxide NPs, have been reported to be efficient matrices for laser desorption/ionization mass spectrometry (LDI-MS) analysis for a variety of applications [1] [2] [3] [4] . NPs have no or low matrix background, and are therefore particularly useful for the analysis of low molecular weight compounds. This is in contrast to traditional organic matrices which display high matrix background that can interfere with small molecule analysis. Other advantages of NPs include high laser absorptivity in the UV range, non-volatility-thus are stable in vacuum conditions for MS imaging experiments-and no Bhot spot^formation issues as they can be homogenously applied.
Previously, we have performed a large-scale screening of 13 different NPs, including three carbon-based NPs, six metal oxide NPs, and four metal NP suspensions, for the analysis of two dozen small metabolites that represent a wide variety of classes of compounds [5] . We found that although metal NP suspensions did show some success as matrices, their tendency to aggregate in solution greatly limited their suitability as matrices. This aggregation was especially apparent and rapid for platinum and gold, and to a lesser extent for copper and silver [5] . Capping agents (e.g., citrate) are commonly used in nanoparticle synthesis to control the size of NPs and improve NP stability. NPs capped with organic compounds have been previously utilized in LDI-MS, especially for macromolecule analyses [6] [7] [8] . For small molecule analysis, however, the release of organic capping agents in LDI analyses often results in ion suppression, thus minimizing their practicality as small molecule matrices [9, 10] . Some capping agents have been successfully used in LDI-MS of small molecules though, such as glutathione-capped iron oxide NPs for glycans [11] .
Physical vapor deposition (PVD), or sputter coating, has been reported to be an efficient means to create metal nanoparticles in situ [12] [13] [14] [15] [16] . Sputter coating allows metal NPs to be rapidly and homogenously deposited onto samples in nanometer thin layers, and thus eliminates the aggregation problem in metal NP suspensions. Although several studies have used sputter coating to apply metal matrices for LDI analysis, these studies have focused solely on one metal for a particular class of compounds. For example, sputtered Au has been used to analyze neurotransmitters and fatty acids in mice tumors [12] , Na-doped Au to detect triacylglycerols (TAGs) on tissue [14] , Ag to visualize cholesterol in human fibroblasts [15] as well as olefins in mice and rat tissues [13] , and Pt combined with 2,5-dihydroxybenzoic acid as a matrix for phosphocholine (PC) and phosphoethanolamine (PE) in rat brain tissue [16] . To date, no effort has been made to systematically compare multiple metals for the analysis of a variety of classes of small metabolites.
In this work, six metals, gold (Au), silver (Ag), copper (Cu), platinum (Pt), nickel (Ni), and titanium (Ti), are tested for their efficiency as matrices for LDI analysis of small molecules when deposited via sputter coating. Firstly, the metals are optimized and applied to the analysis of a water-soluble and a water-insoluble standard mixture of compounds. Once the experimental conditions are optimized, these six metals are applied to the LDI mass spectrometry imaging (MSI) analysis of maize root and seed cross-sections, in both positive and negative ion mode.
Experimental

Materials
Metal sputtering targets, gold (99.99% Au), silver (99.99% Ag), copper (99.99% Cu), platinum (99.95% Pt), nickel (99.98% Ni), and titanium (99.6%) were purchased from Ted Pella, Inc. (Redding, CA, USA). 2,5-Dihydroxybenzoic acid (DHB, 98.0%) and 1,5-diaminonaphthalene (DAN, 97.0%) were purchased from Sigma Aldrich (St. Louis, MO, USA). The metabolite standard malic acid, glucose, glucose-6-phosphate, sucrose, asparagine, glutamic acid, isoleucine, biotin (vitamin H), glycerol tripalmitate, vanillic acid, and oleic acid were purchased from Sigma Aldrich (St. Louis, MO, USA). Ascorbic acid was purchased from Fisher Scientific (Hampton, NH, USA). Phosphoenolpyruvic acid monopotassium salt was purchased from Alfa-Aesar (Ward Hill, MA, USA). 
Preparation of Metabolite Standards
Two sets of standard solutions, water-soluble and water-insoluble, were prepared in either water or chloroform, respectively at 1 mM for each analyte. The water-soluble standard mixture includes malic acid, vanillic acid, ascorbic acid, phosphoenolpyruvic acid, glycerol-3-phosphate, phosphocholine, glucose, sucrose, glucose-6-phosphate, glutamic acid, isoleucine, asparagine, and vitamin H. The water-insoluble standard mixture includes glycerol tripalmitate, oleic acid, parthenolide, and assorted phospholipids (soy lipid phospholipid mixture). For the phospholipid mixture, an average molecular weight of 1000 g mol −1 was used to calculate concentration, as it contains a mixture of lipid species. The standards were diluted 1:10 in isopropanol for a final concentration of 100 μM for each standard. Each standard solution was spotted (2 μL) onto a μFocus MALDI plate pre-heated to 35°C to ensure uniform deposition. For comparison of sputtered metals to organic matrices, 10 mM DHB and DAN were prepared in isopropanol for positive and negative mode, respectively. After the standard solution was spotted and allowed to dry, 2 μL of organic matrix was spotted.
Preparation of Maize Root and Seed
A B73 inbred corn seed was imbibed by shaking it for 10 min at 300 rpm in a glass scintillation vial with deionized water. Using a razor blade, the seed was cut longitudinally approximately halfway between the edge and center. The seed was then immediately flash frozen in liquid nitrogen to prevent metabolite turnover. Once frozen, the seed was placed, cut-side down, into a cryo-mold which was then filled with a 10% w/v gelatin solution, and then immediately frozen with liquid nitrogen.
To prepare root cross-section samples, B73 inbred corn seeds were grown using a previously described method [17] . Briefly, a row of seeds, embryo facing down, were staggered along the top edge of a moist brown paper towel. The paper towel was then rolled tightly enough to hold the seeds in place and the bottom of the roll was placed into a 1-L beaker filled halfway with water. The seeds were grown for 11 days in the dark, and periodically monitored to ensure water covered the lower portion of the paper towel roll. The roots were harvested when the lengths of the primary root was approximately 10-14 cm, as measured from the tip of the root. The area of interest, approximately 2 cm from the seed, was embedded in a cryomold filled with 10% w/v gelatin solution, and flash-frozen in liquid nitrogen.
In either the case of seeds or roots, the mold containing the sample was floated on liquid nitrogen until the gelatin was mostly opaque. Molds were transferred to a cryostat (CM1850; Leica Microsystems, Buffalo Grove, IL, USA) pre-chilled to -22°C. Once thermally equilibrated, the gelatin block was mounted onto a cryostat chuck and sectioned at 10 μm thickness. The sections were captured using adhesive tape windows (Leica Biosystems, Buffalo Grove, IL, USA), and then taped to pre-chilled glass slides. Samples were stored at -80°C until needed. Before analysis, the slides were lyophilized under vacuum followed by metal matrix application.
Metal Sputter Coating
Metals were selected based on studies involving nanoparticle suspensions [5] , preliminary unpublished experiments, and literature results. Metals were applied to either spotted standard samples or tissue sections using a sputter coater instrument from Ted Pella, Inc. (Cressington 108Auto; Redding, CA, USA). A MTM-20 High Resolution Thickness Controller (Ted Pella) was used to monitor and/or control the deposited metal layer thickness. The distance between the metal target and the sample was~4 cm during sputtering. The chamber was flushed with argon gas (pressure~8 psi) twice before sputter coating. The sputtering current was tested at 20 and 40 mA; however, minor differences were noted and so 40 mA was selected for all tests and analyses. Sputtering time was individually optimized for each metal nanoparticle.
Various sputtering times were compared for each metal in both positive and negative ion mode. The testing range for each metal was selected based on reported optimal sputtering times in the literature and our own preliminary tests. The sputtering times tested were 2, 5, 10, 15, 20, 30, and 40 s for gold and silver; and 5, 10, 20, 30, 40, 50, and 60 s for platinum, titanium, copper, and nickel. Absolute ion intensities for the metabolite standards were compared across 3-4 replicates with each standard mixture and ion mode to determine the optimal sputtering times. These times were then used in the MSI analysis of the maize roots and seeds.
Mass Spectrometric Data Acquisition
Data was acquired using a MALDI-linear ion trap (LIT)-Orbitrap mass spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA, USA) with an external frequency-tripled Nd:YAG laser operating at 355 nm and 60 Hz (UVFQ; Elforlight Ltd., Daventry, UK). The laser energy was optimized individually for each matrix (Supplemental Table 1 ) and 10 laser shots were used to acquire each spectrum. The Orbitrap mass analyzer (resolution 30,000 at m/z 400) was used to acquire all standard and maize root imaging data for a m/z range of 50-1000 in both positive and negative ion modes. Corn seed images were analyzed using 20 laser shots per spectrum and using a mass range of m/z 300-1000 to target lipid species in both ion modes. Maize root images were acquired using 10 μm raster steps (laser spot size of 9 μm) and seed images using 100 μm raster steps (laser spot size of 50 μm). MS/MS spectra were manually collected using individually optimized collision energies.
All MS images shown were generated using ImageQuest (Thermo) with a ± 0.01 Da mass tolerance and normalization to the total ion count. The maximum and minimum values used to generate MS images were arbitrarily adjusted for each molecular species to obtain the best visualization. The same values were used for all matrices with a particular molecular species to facilitate comparisons. Peak assignments were made using accurate mass searches on the Metlin database (https://metlin. scripps.edu) [18] as well as manual MS/MS analysis and in silico fragmentation using CFM-ID (http://cfmid.wishartlab. com/) [19] .
AFM Measurements
Samples were prepared by placing a coverslip onto a clean glass slide (to serve as a control or background area). Each metal was sputtered onto a separate glass slide for the optimal deposition time. Before analysis, a clean needle was used to make several scratches in the sputtered metal surface, to produce a clear area for analysis. The atomic force microscope (AFM) images were captured in SCAN Assist mode on a Dimension ICON AFM (Bruker Nano Surfaces, Santa Barbara, CA, USA). All AFM images were captured in air and were processed to remove sample tilt. Thickness measurement data was collected using the Nanoscope software by calculating the height difference between two areas of an AFM image. The areas selected were observed as either representative of the coating or the background substrate and the average difference between these areas was reported as the thickness of the coating.
Results and Discussion
Sputtering Time Optimization
Firstly, the six different metals are applied to the analysis of a water-soluble and a water-insoluble standard mixture of compounds which includes small organic acids, sugars, phosphatecontaining metabolites, amino acids, a vitamin, glycerolipid species, a fatty acid, and a terpene for both ion modes. The sputtering conditions, including sputtering time and sputtering current, are optimized individually for each metal matrix. The analysis with standard mixtures establishes which types of metabolites are effectively desorbed/ionized by each metal matrix. Prior to sputtering time optimization, the optimal laser energy for each matrix was determined using the water-soluble standard mixture. Data was collected by increasing the laser energy in step-wise fashion over the typical laser energy settings for our instrument. Once the optimum laser energy was established for each metal matrix, this laser energy was used for all other data collection (Supplemental Table 1 ).
To optimize sputtering times (corresponding to deposited thicknesses) for each metal, mixtures of water-soluble and water-insoluble standards were analyzed in both positive and negative ion mode. The two sets of standard samples were analyzed in triplicate using the laser energy that was optimized for each metal matrix. Each standard mixture was spotted onto a MALDI microarray plate, and then metals were sputter deposited for the selected set of times. In positive ion mode, most metabolite standards were detected as alkali metal adducts ( The screening results for all six metals using water-soluble metabolite standards in positive and negative ion mode at all tested deposition times are presented in Supplemental Table 2 . The darkest color in a given column (i.e., for a particular metabolite) indicates a higher ion signal for that compound relative to other sputtering times. In many of the cases, the dark coloring is quite apparently clustered at one particular time, for example, 10 s for Au in positive and negative ion modes. However, for Ni, especially in positive mode, the best time varied quite significantly across the metabolites, likely due to the overall very low signal intensity, and so the middle value, 30 s, was chosen for further studies. The optimal sputtering times were determined to be as follows: 5-10 s for Ag, 10 s for Au, 30 s for Ni, 10 s for Pt, and 30 s for Ti in both ion modes. Cu displayed significant differences between the two ion modes, and so 60 s was selected for positive ion mode and 5-10 s for negative mode. Longer deposition times of 70 and 80 s for Cu were also tested in positive mode (data not shown), but resulted in decreased signal intensities compared to 60 s. In the case of Ag, ion signals between 5 and 10 s were highly comparable, mostly within 10% difference; 10 s is slightly better in positive mode and 5 s is slightly better in negative mode. We have arbitrarily chosen 5 s for the subsequent tissue applications. It is important to note that a slight deviation from the optimal time will not result in huge signal changes for the majority of the metabolites tested. Additionally, minimal or no differences in optimal sputtering times were found between water-soluble and water-insoluble standards. Measured thicknesses for the optimal sputtering times are reported using both a MTM-20 High Resolution Thickness Controller (Ted Pella, Inc.) and a Dimension ICON Atomic Force Microscope (AFM) (Bruker Nano Surfaces) in Supplemental Table 3 . Overall, the AFM measurements are about three times thicker than those reported using the MTM-20 Thickness Controller.
Thicker metal layers have been reported by some groups, for example, 28 ± 3 nm Au for TAG analysis [14] compared to 9.3 nm in our experiments. However, higher thicknesses resulted in signal loss in our instrument setup. In support of our results indicating thinner metal layers are optimal, Li et al. did report 2 nm water-soluble Au nanoclusters to be more efficient compared to 20 nm Au nanoparticles for a variety of small molecules [20] . Additionally, Ozawa et al. reported 3.0 nm as the optimal sputtered Pt thickness [16] and Tang et al. determined 4 nm of sputtered Au to be ideal [12] . It is important to note that the optimal condition might be slightly different depending on the target metabolites or tissue types. For example, Dufresne et al. optimized directly on-tissue for TAG species and determined the most optimal Au thickness as 28 ± 3 nm [14] . In this study, multiple classes of compounds were considered and the optimum condition was chosen based on the overall trend for the majority of metabolites. The goal of this work is to compare the relative efficiencies of the metal matrices for various classes of metabolites and to provide a guideline for use of metal matrices in small molecule analysis.
Comparison of Optimized Matrices Using Standards
The six metal thin films are compared in Fig. 1 for their efficiency as LDI matrices in analyzing water-soluble and Figure 1 . Summary of sputter-coated metal screening for small metabolite analysis in (a) positive and (b) negative ion mode. Ion signals are normalized to the highest ion signal for each analyte and shown as a heatmap with the color scale shown as a percentage of the maximum. An asterisk indicates a fragment ion with the precursor shown in parentheses. PEP, phosphoenolpyruvic acid; Glycerol-3P, glycerol-3-phosphate; PChol, phosphocholine; Glucose 6-P, glucose 6-phosphate; PC, phosphocholine; TAG, triacylglycerol; DAG, diacylglycerol; PA, phosphatidic acid; PE, phosphatidylethanolamine; PI phosphatidylinositol; PG, phosphatidylglycerol; DHB, 2,5-dihydroxybenzoic acid; DAN, 1,5-diaminonaphthalene water-insoluble analytes at each optimized condition. In terms of overall signal intensity across the broad range of metabolites studied, Au and Ag were almost equally effective. Ion signals for each metabolite with each matrix are presented in Supplemental Table 4 . Representative mass spectra for each metal matrix in each ion mode with each standard mixture are presented in Fig. 2 (water-soluble standards in positive mode) and Supplemental Figure 1 (water-soluble standards in negative mode and water-insoluble standards in positive and negative mode). Peaks that correspond to a standard compound are indicated on each spectrum with the base ion intensity for each spectrum indicated in the upper right corner.
Although both Au and Ag are highly efficient in both ion modes, in positive mode, Au is slightly better for sugarcontaining metabolites, but in negative mode, Ag is slightly more effective for amino acids. In positive ion mode, Ag does create adducts with metabolites, increasing sample complexity, and silver clusters are present in the spectrum at moderate abundance. While Au and Ag were the most efficient of the matrices tested, Pt also displayed good signal intensity, only moderately lower than Au and Ag, for the majority of the metabolites, and was almost equally effective for some metabolites including parthenolide, a terpene which is a particularly problematic class of compounds to analyze in MALDI [21] , and oleic acid. Copper showed poor performance for most metabolites, but produced decent ion signals for selected metabolites, including higher signal intensity for ascorbic acid and phosphoenolpyruvic acid in positive ion mode compared to Au or Ag. Ni and Ti generally showed the lowest ion signal of the six metal matrices; however, they still provide sufficient signal for some analytes, such as vanillic acid, glutamic acid, and sugars, although the absolute intensities are lower than with Au, Ag, or Pt.
In addition to the metal matrices being compared to themselves, they were also compared to traditional organic matrices Figure 2 . Representative mass spectra for each metal matrix at the optimal sputtering time for the water-soluble standard mixture in positive ion mode. MA, malic acid; VA, vanillic acid; AA, ascorbic acid; PEP, phosphoenolpyruvic acid; G-3P, glycerol-3-phosphate; PChol, phosphocholine; Chol, choline; Glc, glucose; Glc 6-P, glucose 6-phosphate; Suc, sucrose; Asn, asparagine; Glu, glutamic acid; Leu, leucine/isoleucine; Vit-H, biotin (vitamin H). Color coding is used to indicate various adduct types as follows: red = proton adducts, blue = sodium adducts, green = potassium adducts, purple = silver adducts, black = di-alkali metal adducts. Dagger sign indicates a water loss. Note that choline is detected as a molecular ion (Fig. 1) . Compared to DHB, a common organic matrix for positive mode, Au and Ag are more effective for most metabolites tested. However, DHB was the only matrix that produced good ion signals for phospholipids in positive mode (i.e., PA, PC, and PE) (Fig. 1a) . In negative mode, the metal matrices were compared to DAN, a common organic matrix for negative mode. DAN was more effective for certain metabolites, such as vitamin H and phospholipids, but Au and Ag were more effective for many of the metabolites including phosphoenolpyruvic acid, glucose-containing metabolites, parthenolide, and oleic acid (Fig. 1b) .
Overall, this study demonstrates that Ag and Au are generally more effective than organic matrices in both ion modes for most compounds. In positive mode, this is similar to our previous report where many nanoparticle matrices, including TiO 2 , Fe 3 O 4 , and boron-doped nano-diamond (BDND), are overall more effective than organic matrices [5] . Previously in negative mode, DAN was discovered to be much more effective for small molecule metabolites compared to any of the NP suspensions [5] , whereas the current study demonstrates that sputter-coated metal nanoparticles are generally better than DAN in negative mode. Despite the effectiveness of metal matrices compared to the organic matrices, none of the six metal matrices were effective for phospholipid species, although they were effective for some small phosphatecontaining species such as glycerol-3-phosphate (Fig. 1) . This is an interesting phenomenon but we could not find any good answer at this point. In contrast, DHB and DAN were effective for phospholipid species in both ion modes. Pt, Ag, and Au, however, were all effective for neutral lipid species in positive mode, such as triacylglycerols (TAGs) and diacylglycerol (DAGs), whereas DHB was less effective. Dufresne et al. also previously found TAGs to be effectively desorbed/ionized using sodium-doped sputtered Au on mouse liver tissues [14] .
Interestingly, in most cases with the metal matrices, there was not a prominent matrix-dependent analyte selectivity, which is commonly known for organic matrices and has also been shown for carbon-based nanoparticles [21] . The one major exception to this, as previously discussed, is phospholipid species that were not effectively desorbed/ionized by any of the six metal matrices in either positive or negative ion mode, although they were using the organic matrices. Most of the other classes of compounds tested in this study were effectively analyzed by the noble metals, Ag and Au, followed by Pt. We hypothesize the nonselectivity of the noble metals might be due to the high reduction potential and/or low reactivity of these metals.
Comparison of Au Deposition Time On-Tissue
In consideration of reports indicating higher Au thicknesses were optimal for on-tissue analysis [12, 14] , consecutive tissue sections were analyzed with either 10 s or 40 s sputtered Au. In general, for maize tissues analyzed in our instrument setup, 10 s produced higher quality images and greater signal intensities in the low mass region of m/z 50-500. Representative images for selected metabolites are shown in Supplemental Figure 2 . Images are normalized to the TIC and have the same maximum and minimum values for each metabolite to facilitate comparison; the same trend is found when compared without normalization. For example, hexose and di-hexose are clearly imaged with 10 s Au, but minimal signal intensity is present when a consecutive tissue section is imaged using 40 s Au. These results were repeated using a different root with similar results. Table 5 for identifications Therefore, for lower mass range metabolites, and particularly sugar-containing species, 10 s Au seems to be optimal. Despite this, for relatively larger metabolites such as TAGs on-tissue, thicker coatings of Au may be optimal as noted by Dufresne et al. [14] , although 10 s Au does provide useful TAG images in maize seeds (Fig. 5) .
Maize Root Imaging
As we found sputter coating of metals to be efficient for LDI analysis of most metabolites, we applied the metal matrices for imaging of maize root cross-sections. The optimal sputtering times from the standard analyses were used in all imaging studies. Consecutive B73 inbred maize root sections were analyzed using all six metal matrices in both ion modes at 10 μm high-spatial resolution. Figure 3a shows overlays of false color images consisting of three representative metabolites for each matrix. These metabolites were chosen from among the most intense ion signals with each matrix that highlight interesting metabolite localizations. Figure 3b shows the morphology of a maize root cross-section with structural features listed. Averaged spectra from on-tissue areas of each maize cross-section can be found in Supplemental Figure 3 . Many of these compounds were identified through MS/MS, or at least their molecular formulae were determined from the accurate mass, as summarized in Supplemental Table 5 .
Visually, it is readily apparent that Ti is not an effective matrix in either positive or negative ion modes. This can largely be attributed to the low overall signal obtained using Ti as a matrix, which can be also seen in Supplemental Figure 3F and Figure 4 . Selected maize root images in (a) positive ion mode and (b) negative ion mode for the metal matrices. Images are normalized to the TIC and each individual metabolite is set to the same maximum and minimum value for all six matrices. The maximum value is listed for each metabolite. Scale bar = 100 μm. Identifications also listed in Supplemental Table 5 3L. Although some real metabolite signals are present and images can be generated, in comparison to other matrices, Ti is the worst performer. Ni, although better than Ti, also displays low ion signals (Supplemental Figure 3E and 3K) as well as lower quality images than Ag, Au, or Pt. Additionally, metabolites that could be ionized with Ti and Ni were more effectively ionized with other metal matrices. The remaining metal matrices studied, Au, Ag, Pt, and Cu, all produced higher quality images (Fig. 3a) and also useful and informative spectra (Supplemental Figure 3A -D, G-J). The metal matrices in this study do not produce evident matrix peaks, except Ag, which produces silver cluster ions in positive mode, but with less than 15% relative abundance.
In positive mode, metabolites that are mainly localized to the cortex include m/z 319.195 (Ag, decyl-thioglucopyranoside), 435.153 (Cu, AspPheAspGly or AspPheGlyAsp), 130.933 (Ni, unknown), and 347.189 (Ni, C 21 H 28 N 2 ) (Fig. 3a) . Some metabolites found only in the stele include m/z 365.107 (Ag) and 381.080 (Cu), which are a sodiated and potassiated disaccharide, respectively. Some metabolites are found to be localized to the xylem, such as m/z 140.891 (Ag, unknown) and 212. 852 (Pt, unknown). Additionally, some metabolites are localized throughout the root tissue, such as m/z 201.008 (Pt, unknown), which is localized in the pith and cortex. Negative ion mode also shows many distinct metabolite localizations (Fig. 3a) . Especially interesting is m/z 163.039 (Pt, coumaric acid or 3-hydroxy cinnamic acid) which is localized to the epidermal cells and the phloem. Selected compounds from Fig. 3 are compared with all six metal matrices in positive mode (Fig. 4a ) and negative mode (Fig. 4b) . Images are normalized to the total ion count and the same maximum and minimum values are used for a particular metabolite across all matrices. Similar efficiency patterns across the metal matrices are seen with all detected adducts. Tentative identifications for these metabolites are in Supplemental Table 5 . It is readily apparent that Au, Ag, and Pt are the top performing matrices in both ion modes; however, Cu performs comparably well in positive mode, but is less effective in negative mode. In positive mode, every matrix, except for Ti, was almost equally effective for m/z 435.153, which was tentatively identified as a tetrapeptide AspPheAspGly or AspPheGlyAsp. Pt was the most efficient matrix for m/z 319.195 (decyl-thioglucopyranoside); however, this metabolite can also be adequately visualized with other metal matrices. Ag was the most effective matrix for m/z 261.053 (C 13 H 10 N 4 ), although again this metabolite could be detected with other matrices. In negative mode, Ag is the top performing matrix for m/z 413.157 (C 19 H 24 N 6 O 6 ), although this metabolite can be visualized to some extent with the other metal matrix, except for Ti. Most of the metabolites could be visualized equally well with Ag, Au, and Pt in negative mode. Ti is the most ineffective matrix in both positive and negative ion modes.
Maize Seed Imaging
In the standard analysis, we have shown neutral lipids such as DAGs and TAGs can be effectively analyzed with Ag, Au, Cu, and Pt, although analysis of phospholipid species proved unsuccessful in both ion modes with all six metal matrices. The Figure 5 . Neutral lipids and some sugars in maize seeds with Au, Ag, and Pt metal matrices in positive ion mode. DAG diacylglycerol, TAG triacylglycerol. Scale bar = 1.5 mm neutral lipids, however, are present with very low abundance in roots, and were not imaged in the previous section. We have previously shown maize seeds contain various classes of lipid species, including several phospholipids and neutral lipids [22, 23] . In order to demonstrate the visualization of neutral lipid species using metal matrices, maize seed cross-sections were imaged in Fig. 5 using sputter-coated Au, Ag, and Pt. Although images for the potassiated species are shown in the figure, sodiated species are also detected and show analogous distributions. It should be noted that maize seeds have a high potassium content throughout the tissues, and these images are consistent with our previous work with DHB [22] and Fe 3 O 4 nanoparticles [24] . The summed mass spectra are also compared in Supplemental Figure 4 . Au performed the best for visualizing neutral lipids, although Ag is comparable for DAG species and Pt shows some TAG species. As expected from the standard analysis (Fig. 1 ), Ag performed very poorly for TAG species, giving almost no signal. The reason Ag is effective for DAG species, but not TAGs in this study is currently unknown. However, Lauzon et al. was able to successfully image TAG species in fingerprints using a thicker Ag layer of~14 nm with a FTICR instrument [25] . Ag was also ineffective for higher sugar species, such as trihexose, but Au and Pt could visualize this metabolite (Fig. 5) . All three metals were effective for a disaccharide, however (Figs. 1 and 4a) . As with the standard analysis, phospholipid species could not be imaged with any of the metal matrices in either ion mode, which is a major limitation of sputter-coated metals as LDI matrices. Ozawa et al., however, was able to detect phosphocholine species using a combination of sputtered Pt and DHB [16] .
Conclusions
We have shown various metals can be sputter coated and used as a matrix for LDI-MS. Overall, however, noble metal NPs (i.e., Au, Ag, and Pt) were found to be very effective for a broader range of compounds, compared to the other metals studied (Cu, Ni, Ti). Sputter-coated metals present distinct advantages as LDI matrices in that (1) there is little to no matrix background and (2) they can be uniformly deposited. Therefore, sputter-coated metal matrices are extremely useful for high-spatial resolution mass spectrometry imaging of small molecules. In this work, we successfully applied metal sputter coating to the imaging of maize root cross-sections at 10 μm spatial resolution which allowed many distinct small molecule metabolite localizations to be revealed. This study also determined that the optimal nanoparticle deposition time for the six metal matrices was Ag 5 s, Au 10 s, Pt 10 s, Ni 30 s, and Ti 30 s in both ion modes, and Cu 5 s for negative and 60 s for positive mode. It should be noted that the presented optimal deposition times/thicknesses could vary depending on instrument setup, metabolites of interest, or tissue type; however, in our experiments, the optimal metal thicknesses are all relatively thin and increased thicknesses result in decreased signal intensities and poorer quality images.
Importantly, in comparison to two common organic matrices (DHB and DAN), metal sputter coating is more effective in both positive and negative ion modes for a broad range of small metabolites, almost independently of the particular kind of analytes according to our screening results with a small set of standards. However, for the on-tissue analysis of maize root cross-sections, some metabolites have shown moderate specificity for a particular metal matrix. As the standard analyte comparison encompassed only a small number of different classes of compounds, it is possible that there may be some selectivity with metal matrices with untested compound classes. Nevertheless, one possible explanation for the general lack of matrix-dependent analyte specificity and high LDI efficiency of noble metals might be the non-reactivity of noble metals. In contrast, however, the transition metals may react with the analytes or form oxides with trace oxygen present during the sputter process, thus limiting their effectiveness. It is not clear why all six metals tested were particularly ineffective for the analysis of phospholipid species, while noble metals, especially Au, were successful for neutral lipid analysis.
